Improving irrigation efficiency in order to balance water supply and demand has become an urgent need for social development in the northwest of China. In this paper, we propose an irrigation water distribution model based on the genetic backtracking search algorithm (GBSA). This algorithm is composed of two main modules, the vector evaluation genetic algorithm (VEGA) and the backtracking search algorithm (BSA). We applied the GBSA model in the Xijun irrigation district of Heihe River Basin. The VEGA module was first used to optimize water distribution in the irrigation district, and ensure a uniform flow rate and a minimum hydraulic loss in the main canal. Moreover, the advantage of BSA module in rapid water distribution was utilized to further improve the overall water distribution velocity of the GBSA model. To evaluate the performance of the GBSA, both the grey relational analysis and the TOPSIS method were used to comprehensively evaluate its various indicators. The results show that the GBSA can meet the water distribution requirements of the whole canal irrigation system, maintaining uniform flow rate, minimizing unused water and water distribution time to optimize irrigation water distribution. At the same time, the GBSA has better performance compared to other existing methods for irrigation water distribution.
I. INTRODUCTION
Water used for agriculture in China accounts for 62.4% of its freshwater resources, which form the foundation for food security [1] . Although a large amount of water is used for agriculture, empirical irrigation techniques, backward irrigation equipment, and unreasonable irrigation methods have seriously affected the field irrigation efficiency. At the same time, due to uneven temporal and spatial distribution of water resources, the agricultural production conditions are poor in The associate editor coordinating the review of this manuscript and approving it for publication was Md. Abdur Razzaque . some areas. Constrained by technology and natural conditions, it is difficult to further improve agricultural production efficiency. To meet the water demand for the crops, the agricultural irrigation water is mainly taken from the channel water supply [2] , [3] . Optimizing the water distribution process of the canal system and improving the efficiency of irrigation water utilization are of great significance for alleviating the pressure on agricultural water usage and meeting the needs of a growing population [4] , [5] .
Canal system water distribution is one of the most important contents of irrigation optimization management. A scientific and rational water distribution process can ensure water supply stability, reduce leakage loss, avoid water wastage, and greatly improve the irrigation efficiency of the irrigation area. Research efforts by various countries to optimally allocate irrigation water started in the 1960s. Hall and Buras [6] maximized economic benefits and proposed a dynamic planning model to provide water allocation decision plans for each water department. Dudley and Hearn [7] used the stochastic dynamic programming method to optimize the system management decision, which was simplified by using a few state and decision variables. Wardlaw and Bhaktikul [8] applied the genetic algorithm to optimize various crop irrigation water configuration models, which overcomes the shortcomings of a single crop irrigation water optimization model. Monem and Namdarian [9] minimized the amount of water carried by the channel and the operating time, using the flow and time of branch canals as decision variables. The authors used simulated annealing optimization algorithm to plan the water resource allocation of different branch canals. Zhang et al. [10] applied the non-dominated sorting genetic algorithm to optimize the irrigation water distribution model for overcoming fluctuations in the model results. Balendonck et al. [11] proposed an irrigation management assistant decision-making system to optimize the crop planting structure. This optimization was carried out by integrating irrigation water availability and quality. Karamouz et al. [12] proposed a genetic algorithm-based irrigation system optimization model for different crops in irrigation districts. The authors optimized the allocation of water resources in the irrigation district through a joint arrangement of surface water and groundwater.
Lu et al. [13] applied fuzzy programming methods to agricultural irrigation systems for providing strategies that optimize water resources in irrigation districts. Zhang et al. [14] proposed an interval-based fuzzy chance-constrained irrigation water allocation model with double-sided fuzziness. This model supports irrigation water management to increase agricultural water productivity. With the increasing imbalance between supply and demand of water resources in irrigation districts, the development of optimal water distribution models for canal systems is becoming increasingly important. At present, the optimization models of irrigation water distribution mainly include: linear programming (LP), nonlinear programming (NLP), dynamic programming (DP), simulated annealing (SA), genetic algorithm (GA), etc. [15] , [16] .
In recent years, heuristic algorithm represented by the GA, have been widely used in multi-objective water distribution optimization. Haq and Anwar [17] presented the genetic algorithm for the stream tube model and that of the time block model, which are implemented using a java genetic algorithms library. Through the comparison found that the time block GA can be a useful decision support tool in managing a scheduled irrigation system. Peng et al. [18] aimed to reduce the volatility of superior channel flow rate and minimize the leakage loss of the entire canal. For this purpose, they established a multi-objective GA optimization model for branch canal system with unequal flow rate.
Anwar and Haq [19] established four GA-based models for four irrigation scenarios. The authors further compared their results with those obtained using integer programming and heuristic algorithm. The comparison indicated the effectiveness of the GA for optimizing the water distribution problem of the canal system.
However, heuristic algorithms are often unable to find globally optimal solution due to complex and variable factors, such as the objective function and constraints. Leela Krishna et al. [20] found that although the GA can easily find approximate solutions, it has difficulty in evaluating a large number of functions for reaching globally optimal solutions. Thus, a hybrid algorithm combining NLP and the GA, known as the GA-NLP algorithm was proposed. Motivated by other existing algorithms, Wang et al. [21] proposed a problem-oriented evolutionary algorithm design, i.e., transfer learning-based GA to perform high-efficiency search around the entire huge solution space. The irrigation process can be easily influenced by external uncertainties, which biases the model results. Usually, the dynamic interval programming method is used to calculate the influence of uncertain factors, but the DP can easily get trapped into a locally optimal solution. For this reason, Jin et al. [22] proposed a dynamic double interval programming model.
As mentioned in the previous paragraph, when the traditional GA is used for multi-objective optimization of water distribution in the canal system, the result is often not optimal. One of the algorithms that we use in this paper is the backtracking search algorithm (BSA), which is a new populationbased heuristic algorithm proposed by Civicioglu [23] for solving real-valued numerical optimization problems. Different from other algorithms, it has a simple structure and needs to set only a single control parameter. Its performance is not sensitive to the initial value of the control parameter. Furthermore, it is efficient, fast, capable of solving multimodal problems, and suitable for optimization problems of different types [24] , [25] .
Based on the improved vector evaluation genetic algorithm (VEGA) [26] , a BSA model with only a small number of parameters and objective functions can be used to solve the optimal type of irrigation water distribution. In this paper, genetic backtracking search algorithm (GBSA) is established by combining the mutual advantages of the two algorithms. Without considering climatic factors, the water distribution is optimized according to the principle of''first genetic, then backtrack''. Based on this model, a comprehensive analysis of the performance of the GBSA is carried out to ensure the stability of water flow connection and effectively avoid the problem of unused water.
In this paper, the Xidong main canal and its branch canals in the Xijun Irrigation District of Heihe River Basin were selected as the subjects of research. The results of water distribution time and sluice gates control time points deviation obtained using the GBSA were compared with results obtained using the VEGA and BSA separately. At the same time, the grey correlation analysis and the TOPSIS methods were used to comprehensively evaluate the performance of the three models. Finding a water distribution scheme with the shortest water distribution time, the most stable water flow transmission and the least hydraulic loss can provide a scientific basis for the construction of the ecological irrigation area in the Heihe River Basin.
II. CASE STUDY REGION
The Xijun Irrigation District is located in the northwestern arid area of the middle reaches of the Heihe River. It receives an average annual rainfall of 125 mm, the average annual evaporation is above 2047.9 mm, and the annual average temperature is 7 • C, with the highest and lowest temperatures being 38.6 • C and 29.1 • C, respectively. The temperature difference between day and night is large, and the annual rainfall is small. The district is a typical water scarce area. Its total land area is 65.86 million hectares, and a large number of crops such as corn are planted [26] . It is one of the largest irrigation areas in the Heihe River Basin. The Xidong main canal has further branches that consist of the Xidong and Maojiawan branch canals, as well as nine other branch canals. The overall planar graph showing the branch canals is given in Fig. 1 .
III. DATA AND PARAMETER INDICATORS
The data related to the Xidong main canal and its branch canals are collected from the irrigation district in Gansu Province. The main parameters used in the Xidong main canal are listed in Table 1 . The minimum and maximum flow rate coefficients of the irrigation canals, the leakage reduction coefficient of the concrete canals, the soil permeability coefficient and the index of the canal bed and other parameters are selected from literature [27] , [28] for use in the GBSA.
To test the performance of the proposed algorithm, the grey correlation and TOPSIS methods are used. In the gray correlation analysis method [29] , the resolution coefficient is 0.5, the reference sequence is the optimal value of each index, and the data are dimensionless as they are equal to the ratio of each index to the mean value. The minimum indicators in the TOPSIS method [30] are the water distribution time of the canal system, the independent water distribution time of the canal system, the average water distribution start and end times of the branch canals, the skewness coefficients of the sluice gate opening and closing times, and the amount of wasted water. The maximum indicators in the TOPSIS method are the variation coefficients of the sluice gate opening and closing times.
IV. METHODOLOGY
In this Section, first we present the individual optimization models based on the VEGA and BSA. This is followed by the GBSA model, which is a result of combining these two models. 
A. THE VEGA MODEL
In the GA, a number of solutions, known as population, are generated within the given constraints. The VEGA randomly divides each generation of population into equal-sized subpopulations according to the number of objectives to be optimized. The algorithm assigns an adaptive value to each subpopulation according to different objective functions. It uses a certain method that is only applicable to each subpopulation for selection, and cross mutation is carried out over the entire population to obtain a new population. Since all individuals in each subpopulation are assigned adaptive values according to a specific objective function, and the selection range is restricted to the subpopulations, it emphasizes the excellent individuals according to the specific objective function. With properly selected parameters, the solution obtained by the VEGA is more likely to be close to the Pareto optimal domain, and tends to be the best individual of a single objective function. The solution process can be roughly divided into four steps: coding, generating initial population, fitness function design, and cross mutation [26] .
When the VEGA is used to optimize the canal water configuration, for ensuring a smooth flow in the main canal and minimizing water loss in the irrigation canals, the objective functions are given by (1) and (2) as follows:
Eqn.
(1) defines the objective function used for ensuring a smooth flow, and (2) minimizes the water loss. The different parameters used in these equations are defined as follows:
The standard deviation of flow rate from main canal is given by σ , and S is the total hydraulic loss in the distribution canals. The different time periods of water distribution are given by j, Q uj is the water distribution flow rate in the main canal during the jth time period and Q u is the average flow rate in the main canal over the entire time period. The length of the branch canals is denoted by l n , L is the main canal length, β n is the leakage reduction coefficient in concrete branch canals, A n is the bed soil permeability coefficient of the branch canals, m n is the bed soil permeability index, where the subscript n stands for each branch canal. Other parameters β u is the leakage reduction coefficient in the concrete main canal, A u is the bed soil permeability coefficient of main canal, m u is the bed soil permeability coefficient of the main canal, Q n is the gross flow rate of the branch canal, Q n is the net flow rate of the branch canal, t n is irrigation start time of the branch canals, t n is irrigation end time of the branch canals, t uj is the water distribution time length in the main canal during the jth time period, x(t) is a binary variable.
Each parameter must meet the following constraints:
(1). The following flow constraints are proposed to ensure the non-flushing and non-silting of the main and branch canals.
where α dn is the minimum flow rate reduction coefficient of the branch canals, Q dn is the design flow rate, α un is the maximum flow rate coefficient of the branch canals, J d is the main canal minimum flow rate reduction factor, Q du is the main canal design flow rate, Q is the main canal actual flow rate and J u is the main canal maximum flow rate reduction factor.
(2). The following time constraint is proposed to ensure that irrigation tasks are completed within specified deadlines.
where T is the total time of irrigation in the main canal.
(3). The following water constraints are proposed to ensure that the supply of water is greater than the demand. 
where W is the maximum inflow, M n is the irrigation quota for crop areas and S n is the crop area. (4) . Binary constraint.
The optimization results obtained with the VEGA can have two extremes: Either the first objective has an optimal value, and the second objective is not optimal but optimized as much as possible, or vice versa. In the actual water distribution process, due to the absence of sluice gate automation, it takes a lot of manpower, thus it is significant to scientifically control the opening and closing of it. Meanwhile, maintaining a uniform flow rate in the main canal has a higher priority, and the hydraulic loss should be minimized taking this priority into consideration. The solution model is an iterative process, where the population is generated iteratively. The specific solution process is shown in Fig.2 .
B. THE BSA MODEL
The BSA is a population-based iterative evolution algorithm that divides its functions into five processes: initialization, first choice, mutation, crossover, and reselection. It is widely used in economic dispatch [31] , flow shop scheduling [32] , parameter identification [33] , optimal power flow [34] and other actual optimization problems [35] due to its flexibility and efficiency. For the optimization of water distribution in the canal system, the core concepts of BSA are as follows:
1) Using BSA to solve the sluice gates opening time of the branch canals under the condition of constant flow rate of the main canal, and facilitate the branch canals by a continuous and stable water supply at a constant flow rate. 2) When a branch canal reaches the water requirement for field irrigation, closing the sluice gate to ensure the remaining branch flows are continuously constant. 3) Selecting the other branch canals in a cyclic fashion, until all branch canals meet the irrigation requirements. The main structure of the BSA is shown in Fig. 3 . When the BSA is used to optimize the water distribution of the canal system, the branch canals are selected iteratively. After each selection, the remaining flow rate should be as small as possible.
The objective function is given as follows:
where j represents the number of times backtracking should take place, Q j is the remaining flow rate after backtracking j times, j k=1 A k is equal to the sum of design flow rates of the branch canals in the previous j backtracking selections, and j−1 n=1 Q x n is the sum of the design flow rates of the branch canals with priority to complete irrigation tasks in the previous j-1 backtracking selections. The number of branch canals varies from 1 to N . The BSA has the same water quantity constraint as described for the VEGA. The remaining constraints are as follows:
(1) Time constraints
where t x j is the shortest time for a branch canal to complete an irrigation task after the jth backtracking, I j [i j ] is the set of the branch canals obtained at the jth backtracking, t I j is the set of the irrigation time of the branch canals selected at the jth backtracking.
(2) Flow rate constraint
C. THE GBSA MODEL
When the BSA algorithm is used to optimize the water distribution of the canal system, the branch canal gross flow rates are represented by the design flow rates. The design flow rates are deduced from the flow data over the years, which have certain reference significance. However, the design flow rates do not reflect the true condition of the canal system in actual water distribution process, so the appropriate flow values need to be determined. In addition, when the VEGA algorithm is used, the water quantity constraint condition requires that the net flow rates and time product of the branch canal system must meet the water requirements of the field crops. This results in the wastage of irrigation water in the optimization process. As the studied area is largely arid, the water resources are scarce, and therefore it is important to reduce the water wastage. To deal with the shortcomings of the BSA and VEGA, we combine these two and propose GBSA for optimizing the water distribution process of the canal system. The core idea of GBSA is ''first genetic, then backtrack''. It is described as follows: 1) First, the VEGA is used to find the branch canal gross and net flow rates. To avoid the wastage of irrigation water by using VEGA, (16) is used to determine the time length required for the branch canals to meet the irrigation water distribution requirements. 2) Then, the local hydrological data from the irrigation district is searched to determine the actual gross flow rate of the main canal. 3) Finally, the parameters obtained in the first two steps are used as input to the BSA model. Applying the BSA model gives the water distribution time diagram of the sluice gate opening and closing that can be used to carry out irrigation tasks in a large-scale irrigation area. The specific GBSA process is shown in Fig. 4 .
V. THE SEARCH METHOD OF GBSA A. THE UNUSED WATER VOLUME ANALYSIS OF GBSA To obtain the best possible water distribution using the GBSA, the amount of unused water in the optimization of the water distribution process should be as close to zero as possible. Calculations and analysis of the amount of unused water is necessary to effectively optimize the distribution of water in large arid or semi-arid areas.
Regardless of the hydraulic loss of the main canal, the water quantity relationship is as follows:
where G is the total irrigation water supply, V n is the gross irrigation water requirement, Q is the actual flow rate of the main canal, Q Gn is the gross flow rate for the nth branch canal based on the results of the VEGA and it is defined as genetic gross flow, T is the total time of water supply in the main canal, t n is the irrigation water distribution time and R is the total amount of unused water. Given a total of J backtracking times, each backtracking selects several branch canals to form a set I[J ] = {i 1 , i 2 . . . i J } (0 < J ≤ N ). The sum of the genetic gross flow rates of the branch canals for each backtracking selection constitutes a set AQ[J ] = { Q I1 , Q I2 , . . . Q IJ }. The branch canals that complete the irrigation task fastest after each backtracking constitutes a set X
When starting the jth backtracking, a set I j [i j ] can be obtained from the N − j−1 n=1 i n branch canals. If the objective function and constraints are satisfied, the amount of unused water during the jth backtracking and the total amount of unused water generated in the process of optimizing water distribution can be calculated as follows:
B. THE APPLICABILITY EVALUATION OF GBSA
As the flow rates of the branch canals are uncertain in the actual irrigation area, the R value given in (19) GBSA may be too large or small. As a result, the GBSA will have limited adaptability for application to a general problem. Due to this VOLUME 7, 2019 reason, it is necessary to evaluate the applicability of GBSA according to the quantity of unused water. To meet the water demand for the crops, the hydraulic loss of each canal must be considered and total amount of unused water must be calculated to determine the minimum supply of water. If the amount of unused water can be included in the total hydraulic loss of the main canal, the unused water will effectively be to non-existent, which can achieve an optimal irrigation water distribution configuration.
Considering the hydraulic loss of the canal system, the total water supply in the branch canals can be calculated by (20) , whereas the total water supply in the canal system can be calculated by (21) . The total hydraulic loss of the canal system can be calculated by (22) .
where G is the total water supply of branch canals, S is the total hydraulic loss in the all canals, Sh is the total main canal hydraulic loss, Sl is the total hydraulic loss of branch canals.
In the following, we consider three cases of unused water and total main canal hydraulic loss:
x. R + Sh > 0. If the amount of unused water exceeds the hydraulic loss of the main canal, GBSA directly performs the optimal distribution of the irrigation water will result in unused water.
y. R+Sh = 0. If the amount of unused water compensates for the hydraulic loss of the main canal, directly using the GBSA to perform the optimal distribution of irrigation water will not result in unused water.
z. R + Sh < 0. If the amount of unused water is not enough to make up for the hydraulic loss of main canal, it can overcome the shortcomings of the GBSA. Direct use of the GBSA for performing the optimal distribution of the irrigation water will not produce any unused water.
Under R + Sh ≤ 0 conditions, the optimal irrigation water distribution configuration of the canal system water can overcome the shortcomings of the GBSA model. The used of the GBSA can avoid producing unused water under this condition, and provide the water distribution time diagrams of the sluice gate opening and closing to guide the actual irrigation task in a large irrigation area. The specific judgment process for choosing the GBSA to optimize the irrigation water distribution is shown in Fig.5 .
C. WATER DISTRIBUTION STABILITY CALCULATION
In the actual water distribution process, it is essential to scientifically control the sluice gates opening and closing. Meanwhile, the uniform flow rate in the main canal is a priority objective, and the hydraulic loss in the process of irrigation water transport should be minimized keeping in mind this priority objective. The stability of canal system water delivery is related to the irrigation water distribution concentration degree of sluice gates opening and closing time points during the irrigation period. To compare the stability of different optimization methods, the coefficients of variation C v and skewness C s can be used to compare the sluice gates opening and closing time points of each branch canal under different methods. These coefficients are defined as follows:
where C V is the coefficients of variation, which is equal to
; K i is the coefficient of modulus, which is equal to T ī T ; T i represents the sluice gates opening or closing time points for the ith branch canal andT is the average value of the sluice gates opening or closing time points of all branch canals.
VI. RESULTS AND DISCUSSION
In this section, we compare the performance of the GBSA with the BSA and VEGA in terms of irrigation times, unused water, stability and other comprehensive indicators.
A. SUPERIORITY ANALYSIS
According to the irrigation water supply requirements of the Xidong main canal, the starting and ending times of irrigation water distribution are June 15 th and July 10 th , respectively. Thus, it is necessary to ensure that the irrigation time must be controlled within 25 days. In order to use GBSA for optimal water distribution, its two modules must be fully utilized. First, the VEGA is used to find the branch canal gross and net flow rates, which are shown in Fig. 6 . Then, the results and related parameters are input into the BSA to obtain the GBSA irrigation water distribution time diagram. For comparison, the basic parameters are directly input into the VEGA and BSA and the irrigation water distribution time diagrams for these algorithms can be obtained separately. The irrigation water distribution time diagrams for all the three algorithms are shown in Figs. 7-9 .
It can be seen from the figures that the three algorithms can not only meet the irrigation time requirements, but also greatly shorten the irrigation time. However, compared with the VEGA and BSA, the GBSA can optimize the water distribution in the shortest time of 10.9 days, as shown by the vertical dotted line in Fig. 7 . Since the GBSA and BSA do not consider the process of the canal flow rates reaching a constant flow rate during calculations, the irrigation water distribution is started at time 0. For this reason, one day is used as the flow rates change time correction coefficient, so that the horizontal lines in Figs. 7 and 8 by one day. After the correction, the result is not only closer to the actual situation, but the time spent on GBSA irrigation water distribution is still the lowest among all the three optimization algorithms.
The GBSA can complete the irrigation task in a short time by optimizing the irrigation water distribution of the canal system. However, in the arid regions of northwestern China, on one hand, it is necessary to have rapid irrigation to reduce the evaporation loss of water; on the other hand, all water resources must be fully used to avoid unused water. To this end, the performance of the GBSA on the Xidong main canal and its branch canals is evaluated by calculating the amount of unused water.
The bar chart of unused water amount obtained under single backtracking is shown in Fig. 10 . It can be seen that the unused water amount is uneven: in the early stage it is small, but in the later period it is high. The main reason is that when the GBSA is used in the early stage the number of branch canals available for selection is higher. Thus, it is easier to make the remaining flow reach zero in unit time. From the accumulation curve of unused water shown in Fig. 10 , it is evident that the slope of the curve in the later stage is large, but there is a temporary decrease of slope when the backtracking is ten times. The main reason for the slowing of accumulation is that the time used for the ten times backtracking is extremely short. Even if the flow rate of unused water is large, it is impossible to accumulate a large amount of unused water in a short time. Therefore, it can be concluded that the amount of water discarded in the GBSA is mainly limited by the flow rate of the branch canals and the single backtracking time.
In addition, after using the GBSA, the total amount of ued water was 210,600 m 3 , and the hydraulic loss of the main canal was 592,300 m 3 . The actual amount of abandoned water is non-existent as it can be completely included in the water loss of the main canal. In the irrigation process, the BSA has an unused water of 269,000 m 3 , and VEGA has water wastage of 242,100 m 3 . In comparison, even if the abandoned water of GBSA cannot be naturally reduced, the water usage efficiency is still the highest. Therefore, the GBSA is more suitable for the Xidong main canal and its branch canals in Xijun irrigation area of Heihe river basin. 
B. STABILITY COMPARISON
With the GBSA, the irrigation time of the Xidong main canal and its branch canals is shortened to 10.9 days. This time is not only shorter than the traditional models, but also the problem of unused water can be avoided, and the water usage efficiency of the Xitun irrigation area is greatly improved. Although the GBSA is better than the VEGA and BSA, and can reduce unused water, it is necessary to study the stability of the water flow when optimizing the irrigation water distribution of the canal. This stability is usually evaluate by examining the irrigation water distribution concentration degree of sluice gates opening and closing time points of each branch canal. Figures 11 and 12 are the time scheduling diagrams for sluice gates opening and closing time points of the 11 branch canals, respectively obtained by the three optimization algorithms. The deviations of the optimized water distribution models, calculated from these diagrams are shown in Tables 3 and 4 . The skew coefficient C s reflects the asymmetry degree of sluice gates opening or closing time points around their mean values. When it is equal to 0, the probability of the time points being greater than or less than their mean is the same. Compared with the VEGA and BSA, the GBSA has smaller C s values for the opening times. This means that when the GBSA is used to optimize the irrigation water distribution of the canal system, the sluice gates opening time points are evenly distributed on both sides of the mean value. In addition, the C v values are relatively large, which means that sluice gates opening time points of each branch canal are largely concentrated on both sides of their mean value. Therefore, sluice gates opening time points obtained from the GBSA are more concentrated among the three models, which can ensure the stability of water flow.
For the Table 4 deviation degree of sluice gates closing time points, the C s value of the GBSA is small and tends to 0. This means that sluice gates closing time points of each branch canal are symmetrically distributed on both sides of the mean value. Although the C v value of the GBSA for the closing time is not as good as the opening time, the actual influence on the main canal water flow is small after the branch canal sluice gates are closed. On the other hand, when the branch canal sluice gates are opened, the influence of the sluice gates opening time points on the water flow stability is more obvious as the main canal needs to transport the water to each branch canal. Therefore, overall the GBSA has better stability performance compared to other methods.
In addition, if the total time of distributing independent irrigation water for each branch canal is added up, the VEGA, BSA, and GBSA need 34.81 days, 23.6 days, and 29.35 days, respectively. Obviously, the total time for the GBSA is not the smallest. When using the GBSA, although the average sluice gates opening time point of branch canals is the earliest among all the three optimization algorithms, the average sluice gates closing time point of branch canal is not the earliest. This means that only through relatively concentrated irrigation water supply, the GBSA can complete VOLUME 7, 2019 the water distribution task in the shortest time. In summary, this research confirmed the stability and superiority of GBSA.
C. COMPREHENSIVE PERFORMANCE EVALUATION OF THE GBSA
This paper uses the grey relational analysis (GRA) method to make a comprehensive performance evaluation of the VEGA, BSA and GBSA. This analysis was carried out for the irrigation water distribution duration, the average irrigation water distribution start and end times of the branch canal, the sluice gates opening and closing time points variation and skew coefficients, and the unused water in the canal system. The calculation process of the GRA is given in [36] . The detailed indicators of each optimization algorithm are shown in Table  5 , and the calculated correlation coefficients obtained based on GRA are shown in Table 6 .
The ξ (i) values in Table 6 correspond to the correlation coefficients of each indicator. The mean correlation coefficient of the indicators of each algorithm can be ranked as r(GBSA) > r(BSA) > r(VEGA). The effects of the weights of various indicators are considered as consistent, as these weights are similar to one another. Therefore, based on the comprehensive evaluation of various indicators in the study area, it can be concluded that the GBSA performs the best for optimizing the irrigation water distribution.
For further model evaluation, the same the same indicators were analyzed by introducing the TOPSIS method. The calculation process of the TOPSIS method is given in [37] . The analysis results are shown in Table 7 . The S + values represent the distance between the evaluation object and the optimal solution. The S − values represent the distance between the evaluation object and the worst solution.
The P i values represent the degree of proximity between the evaluation object and the optimal scheme. The results in Table 7 show that the GBSA irrigation water distribution scheme is closest to the optimal scheme. The comprehensive performance evaluation proves the superiority and stability of the GBSA for optimized water distribution. The GBSA can provide scientific guidance for irrigation water distribution in large-scale irrigation areas in northwestern China.
VII. CONCLUSION
This paper proposes to apply the genetic backtracking search algorithm (GBSA) for optimizing water distribution of an irrigation system. The area of study in this paper is the Xidong main canal and its 11 branch canals in the Xijun irrigation district of Heihe river basin. Based on the relevant observation data from the water resources bureau, this paper uses the actual flow rate as the constant flow standard, and establishes a GBSA based model to meet the requirements of uniform flow, minimum hydraulic loss, shortest irrigation water distribution time, and minimum unused water volume. The irrigation water distribution time results and the sluice gates control time points deviation of the GBSA, backtracking search algorithm (BSA) and vector evaluation genetic algorithm (VEGA) are compared with one another. In addition, the grey relational analysis and the TOPSIS methods are used to evaluate and compare the performance of the three models. The main conclusions are as follows:
(1) In the study area, the irrigation water distribution time of the VEGA and BSA are 14.38 days and 11.25 days, respectively. Although these existing algorithms shorten the water irrigation time by nearly half from 25 days, the GBSA gives the shortest optimized irrigation water distribution time of 10.9 days. Therefore, the optimization performance of the GBSA is the best among these three algorithms. In addition, there is no unused water when using the GBSA, which shows better water resource utilization.
(2) The GBSA gives lower values of the skewness coefficients of the sluice gates opening and closing time points in the branch canals. These values which are 0.115 and -0.068, signify that the sluice gates are opened relatively concentrated during the process of the irrigation water distribution, which ensures the water flow stability and minimizes the hydraulic loss. The deviations of sluice gates opening time points of each branch canal obtained by the VEGA and BSA are slightly higher than the GBSA, which can easily affect the stability of water flow transportation.
(3) The average value of the correlation coefficient of each index of the GBSA is 0.966, which indicates that almost all the comprehensive evaluation indicators in the grey relational analysis method are optimal. In addition, the distance between the GBSA and the optimal scheme is 0.1452, and the distance between the GBSA and the worst scheme is 0.9684. Although the GBSA is by combining the VEGA and BSA, the optimal water distribution results are better than these algorithms. The overall performance of the GBSA has a significant advantage over the other algorithms for optimal water distribution in the canal system.
However, further research is needed on the water distribution model of the GBSA, especially the use of physical model for verifying the validity of the optimization results. In addition, with the temporal and spatial variation scales, external environment factors, such as precipitation need to be further quantified into the model. The research results presented in this paper give a new method for optimizing water allocation in large-scale irrigation districts with insufficient water resources. The method further provides scientific basis for irrigating large-scale districts in northwestern China, which is of great strategic significance for ensuring food security. 
